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Abstract
Background: Cotton, as an allopolyploid species, contains homoeologous A and D subgenomes.
The study of the homoeologous (duplicated) segments or chromosomes can facilitate insight into
the evolutionary process of polyploidy and the development of genomic resources. Fluorescence
in situ hybridization (FISH) using bacterial artificia l  c h r om os om e  (B A C ) c l on e s  a s p r ob e s  h a s
commonly been used to provide a reliable cytological technique for chromosome identification. In
polyploids, it also presents a useful approach for identification and localization of duplicated
segments. Here, two types of BACs that contained the duplicated segments were isolated and
analyzed in tetraploid cotton by FISH.
Results:  Homologous and homoeologous BACs were isolated by way of SSR marker-based
selection and then used to develop BAC-FISH probes. Duplicated segments in homoeologous
chromosomes were detected by FISH. The FISH and related linkage map results followed known
reinforced the relationships of homoeologous chromosomes in allotetraploid cotton, and
presented a useful approach for isolation of homoeologous loci or segments and for mapping of
monomorphic loci. It is very important to find that the large duplicated segments (homologous
BACs) do exist between homoeologous chromosomes, so the shot-gun approach for genome
sequencing was unavailable for tetraploid cotton. However, without doubt, it will contain more
information and promote the research for duplicated segments as well as the genome evolution in
cotton.
Conclusion: These findings and the analysis method by BAC-FISH demonstrated the powerful
nature and wide use for the genome and genome evolutionary researches in cotton and other
polyploidy species.
Background
Polyploidy is an evolutionary process whereby two or
more genomes are brought together in the same nucleus,
usually by hybridization followed by chromosome dou-
bling [1]. Accordingly, most of these genomes contain
duplicated chromosomes or chromosomal segments that
reflect ancient or recent rounds of polyploidy. Therefore,
investigations of the levels of diversity and patterns of
duplicated genes and segments in polyploid plants can
provide insights into the process of polyploidization and
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subsequent processes. When genes are duplicated as a
consequence of polyploidization, they may continue to
evolve at the same rate as they did in their diploid ances-
tors, or they may be subject to pressures that lead to differ-
ential rates of sequence evolution [2]. Ultimately, these
duplicated sequences and their functions are maintained
intact or undergo long-term evolutionary change via
sequence elimination [3,4], sequence rearrangement [5],
gene silencing [6], or acquisition of new function [7].
Most of the evolution process of large segments or
genome is accompanied with the duplicated genes evolu-
tion or operates organizational level of duplicated genes.
The process of polyploidy evolution leading to stabiliza-
tion and species formation have been studied and con-
firmed by modern molecular genetic techniques [3,8-11].
A new phenomenon occurring after polyploidy was found
by analysing the evolution of dispersed repeats, and the
results showed that there has been substantial coloniza-
tion of the D genome by A genome repetitive elements
[10,12]. The various aspects of genome evolution involv-
ing duplicated sequences in polyploids have been
reviewed elsewhere [2].
Cotton (Gossypium) is particularly useful for studies of
polyploidy [13]. A simple method for isolating homoeol-
ogous loci from allopolyploids has been developed in cot-
ton [14]. In addition, investigations of duplicated genes
have revealed their evolutionary rate [15], patterns and
levels of nucleotide diversity [16-18], and functional
silencing [19] exerted polyploidy. Nevertheless, the rela-
tively few examples studied to date provide little under-
standing of genomic evolution after duplication. In fact,
reports on evolutionary rate have been contradictory
[15,17], probably due to limited sampling.
In this study, different types of duplicated segments-con-
taining bacterial artificial chromosomes (BACs) were iso-
lated. Fluorescence in situ hybridization (FISH),
performed with a complete set of chromosome-specific
BAC clones developed in tetraploid cotton [20], discrimi-
nated the duplicated segments locating on homoeologous
chromosomes. The results present new evidence for tetra-
ploid cotton homoeologous chromosomes relationship
as well as a new approach to the isolation of homoeolo-
gous loci or segments. And these also provided a new
chance for the research of duplicated sequences in cotton.
Results
Homoeologous BACs derived from homoeologous 
chromosomes
SSR primer pair NAU837 yielded two PCR amplicons
from G. barbadense cv. Hai7124 and two from G. hirsutum
acc. TM-1 (Figure 1A). One produced polymorphic alleles,
NAU837-205 in Hai7124 and NAU837-215in TM-1, and
was further mapped on chromosome A6. However, both
Hai7124 and TM-1 produced a same large fragment, mon-
omorphic locus NAU837-195 which could not be mapped
to its corresponding chromosome using the present
molecular tagging strategy. This is very common in tetra-
ploid species. Where is such monomorphic locus located
in cotton? Since cotton is an allotetraploid, it is supposed
that the locus is located in the homoeologous chromo-
some of A6, i.e. chromosome D6. Two positive BAC
clones, 75F07 and 68D15, were identified by screening
the BAC libraries with NAU837. The 75F07 clone was the
positive clone of polymorphic locus NAU837-205, and
68D15 was the positive clone of the monomorphic locus
NAU837-195. These two BACs were FISHed simultane-
ously to determine if they were located on the same chro-
mosome. The result showed that they were located on two
different pairs of chromosomes (data not shown). As
expected, BAC 75F07 mapped to a pair of larger chromo-
somes, while BAC 68D15 mapped to another pair of
smaller chromosomes that we speculated belonging to the
D subgenome. FISH with the chromosome A6-specific
BAC 47N15 [21] confirmed that the polymorphic locus
derived-BAC 75F07 was still physically located on chro-
mosome A6 (Figure 1B, arrowhead). Additionally, simul-
taneous FISH of the monomorphic locus derived-BAC
68D15 with chromosome D6-specific BAC 24K19
Distribution analysis of homoeologous segments in tetraploid  cotton by FISH Figure 1
Distribution analysis of homoeologous segments in 
tetraploid cotton by FISH. (A) Figure showed that the 
identification of the BAC clone 75F07 (lane 5) containing the 
polymorphic locus of NAU837-205, and 68D15 (lane 6) con-
taining the monomorphic locus NAU837-195 between TM-1 
and Hai7124 by SSR marker NAU837. Lanes 1–4 were 
Hai7124, F1(TM-1 × Hai7124), TM-1 and restorer line 0-613-
2R, respectively. (B) FISH image showed that the signals of 
the polymorphic allele BAC 75F07 (green signals, arrows) 
and chromosome A6-specific BAC 47N15 (red signals, 
arrowheads) were located on the same chromosome. It indi-
cated that the polymorphic allele BAC 75F07 derived from 
chromosome A6. (C) FISH image showed that the BAC 
clone 68D15 (red signals, arrowheads) located on the same 
chromosome with chromosome-specific BAC clone 24K19 
(green signals, arrows) of chromosome D6.
B
NAU837-205
NAU837-195
C ABMC Genomics 2007, 8:178 http://www.biomedcentral.com/1471-2164/8/178
Page 3 of 8
(page number not for citation purposes)
showed that they are both located on chromosome D6
(Figure 1C). This result indicated that the monomorphic
locus was most likely derived from the homoeologous
chromosomes.
More BACs were chosen to determine if derivation from
homoeologous chromosomes is a common phenome-
non. Five other BACs 66B19, 70L23, 78J02, 38P15, and
84A20 were isolated as monomorphic loci between TM-1
and Hai7124. These five BACs were identified using SSR
markers NAU921, BNL598, NAU877, NAU1231 and
NAU2494, respectively. Their corresponding polymor-
phic loci, NAU921-400, BNL598-123, NAU877-205,
NAU1231-250, and NAU2494-215  had been mapped to
chromosomes A10, A12, D12, D12, and A05. To test
whether they were truly derived from corresponding
homoeologous chromosomes (i.e., chromosomes D10,
D12, A12, A12, and D05), BACs 66B19, 70L23, 78J02,
38P15, and 84A20 were directly FISHed with their corre-
sponding homoeologous chromosome-specific BACs,
78O17, 10G17, 43C02, 43C02, and 50D03 [21]. The
results showed that except BAC 84A20 which could not
generate clear signals, all of the monomorphic locus BACs
(66B19, 70L23, 78J02, and 38P15) were mapped to the
corresponding homoeologous chromosomes D10, D12,
A12, and A12 (Table 1) (Figure not shown). Furthermore,
both ends of all these seven BACs including 75F07 and
68D15 were sequenced, and specific primers were
designed. Among them, three pairs of primers, Y2478,
Y2482 and Y2446 (Table 2), were polymorphism between
TM-1 and Hai7124 which were two parents of BC1 map-
ping population [22]. And these three loci derived from
the monomorphic loci BACs were mapped exactly on the
corresponding homoeologous chromosomes (Table 1,
Figure 2). The homology detected for one pair of BACs
that originated from homoeologous chromosomes rein-
forced previous results with homoeologous chromo-
somes, and was novel evidence for relationship
identification of homoeologous chromosomes in
allotetraploid cotton.
Homologous BACs derived from homoeologous 
chromosomes
The use of BAC clone 09D09, isolated from the TM-1
library, in FISH analysis led to the interesting finding that
large homologous segments do exist between homoeolo-
gous chromosome pairs. This BAC clone was isolated with
SSR marker BNL3452-180 during the isolation of chromo-
some-specific BAC clones [20]. Because BAC 09D09 gen-
erated two different signals on two pairs of chromosomes,
it could not be used as a chromosome-specific BAC. As
shown in Figure 3A, bright signals were clearly detected on
two pairs of chromosomes. A reasonable explanation for
the double signal is that large duplicated segments in
allotetraploid cotton are maintained during long-term
evolution after polyploidy formation. If this is the case,
they should be located on one pair of homoeologous
chromosomes [15,17,18]. Therefore, repeated-FISH was
carried out to test the locations of these two signals.
Because the BNL3452-180  locus has been genetically
mapped to chromosome D5 [22], the chromosome-spe-
cific BACs 87P01 (A5) and 50D03 (D5) [21] were simul-
taneously re-hybridized on the same slide as Figure 3A. A
comparison between Figure 3A and 3B clearly showed
that the two pairs of signals produced by BAC 09D09 (Fig-
ure 3A) were located on the A5/D5 pair of homoeologous
chromosomes (Figure 3B). The equal strength of the FISH
signals confirmed our supposition that BAC 09D09 con-
tains a copy of a duplicated homologous DNA segment
from homoeologous chromosomes A5 and D5, and that
homologous segments are present in the allotetraploid.
BAC-FISH of another BAC clone, 68O15, further sup-
ported these findings. This BAC was isolated using
NAU2195-200, which mapped on chromosome D12. Like
BAC 09D09, it also generated two pairs of bright signals
on two pairs of different chromosomes. Repeated-FISH
with A12 and D12 chromosome-specific BACs, 43C02
and 10G17, found that these two pairs of signals origi-
nated from the corresponding homoeologous chromo-
somes A12 and D12 (figures not shown).
To further evaluate the physical distribution of duplicated
segments in diploid cotton, the G. arboreum (A2) and G.
raimondii (D5) chromosomes were used in FISH with BAC
clone 09D09. As shown in Figure 4A, only the A-genome
G. arboreum contained the duplicated segments, with no
signal from the D-genome G. raimondii (Figure 4B). It
indicated that this duplicated segments within BAC clone
09D09 originated from the A genome and has "jump" to
the D subgenome after the polyploidy formation in cot-
ton (detailed in Discussion).
Table 1: Distribution analysis of homoeologous SSR markers
Polymorphic 
loci
Genetic mapping of 
polymorphic loci
Monomorphic 
loci
Monomorphic 
loci BACs
BAC end 
primers
Physical location of 
monomorphic loci BACs
Linkage mapping 
of BACs
NAU921-400 A10 NAU921-200 66B19 - D10 -
NAU877-205 D12 NAU877-215 78J02 - A12 -
BNL598-123 A12 BNL598-115 70L23 Y2478 D12 D12
NAU1231-250 D12 NAU1231-230 38P15 Y2482 A12 A12
NAU2494-215 A05 NAU2494-180 84A20 Y2446 - D05BMC Genomics 2007, 8:178 http://www.biomedcentral.com/1471-2164/8/178
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Discussion
Identification and analysis of homoeologous chromosome 
BACs
Tetraploid cotton (n = 2x = 26, AD) was derived from two
diploids with A and D genomes that diverged from a com-
mon ancestor [23]. Therefore, in theory, there should be
13 pairs of homoeologous chromosomes in tetraploid
cotton. Recently, by distribution analysis of duplicated
marker loci among chromosomes, all 13 pairs of homoe-
ologous chromosomes have been discriminated [24,25].
Here, these findings of duplicated segments derived from
BACs provide new evidence for homoeologous chromo-
some discrimination. As shown in Figure 1A and 1B, two
BACs derived from the monomorphic and polymorphic
loci of one marker were identified on the A6/D6 homoe-
ologous chromosomes which had been identified based
on the similar phenotypes of monosomic plants [26] and
duplicated molecular loci. For each BAC, the same primer
origin indicated the existence of homologous sequences,
and the distribution of duplicated segments confirmed
the homoeologous relationships. So it was considered as
well homoeologous segments (BACs) as new evidences
for homoeologous chromosome detection.
This finding could be applied to the high-density physical
map construction of the cotton genome. As demonstrated
above, the two bands (two loci) produced by marker
NAU837 which likely derived from the homology
between different homoeologous chromosomes in
allotetraploid cotton. Therefore, one of this kind of mark-
ers could be used to screen two groups of BACs that are
located on one pair of homoeologous chromosomes. In
fact, it effectively increased by one fold the number of
BACs for physical map construction. It is particularly use-
ful since this kind of BAC can not be isolated using the
molecular loci on a genetic map due to the monomor-
phism between mapping parents. Therefore, these BACs
are needed for the continued construction of the physical
map and for further physical map based-genome sequenc-
ing. It has been used to help isolate cotton BACs for con-
tigs construction in our lab. Furthermore, the genetic
location of BAC-ends sequences presents a test for the
location of monomorphic locus BACs. On the other hand,
it also demonstrated an alternative mapping and research-
ing approach for this kind of monomorphic locus which
usually occurred in genetic marker and could not mapped
by the means of genetic mapping. It makes the further
researches of this kind of duplicated loci possible, and the
collinearity analysis of duplicated loci produced by some
EST-derived SSR also has been carried out in our lab to
discover the evolution of duplicated genes in tetraploid
cotton.
Cotton is a naturally occurring polyploid with eight dip-
loid genomes distributed over four continents [2]. And it
has become a useful model system for the study of the
genome and molecular evolution of allopolyploids, espe-
cially with the modern molecular evolution researches on
duplicated loci [15,16,27-29]. Here, our finding provided
a novel approach for duplicated loci isolation that avoids
the likelihood of errors from PCR amplification [30].
More importantly, due to the normal phenomenon of
markers like NAU837 in tetraploid cotton, the large scale
isolation of duplicated loci is much simpler. The isolation
and testing of a sufficient number of duplicated loci will
unravel some previous contradictories [15,17,18] and
provide the basis for phylogenetic analysis of lineages.
And the finding of duplicated segments in BACs would
also provide new challenges in the study of cotton
genome evolution by analyzing its distribution, mainte-
nance mechanisms during long periods of diploidization,
and diversity following polyploidization.
Homologous BAC identification and analysis
Another case showed as BAC 09D09 is similar to the
duplicated molecular loci derived from one molecular
marker, and duplicated segments (loci) also discrimi-
nated the homoeologous relationship in tetraploid cot-
ton. However, unlike the duplicated molecular loci, most
of which are no more than 1 kb, BAC-FISH reveals a much
larger segment (~100 kb) of homeology. Therefore, they
are more reasonable for finding homoeologous relation-
ships [31]. Several cases were found in which two pairs of
signals were detected, but usually one pair of signals was
brighter and the other was too weak to be located by
multi-FISH. However, one pair of chromosomes was
always clearly larger than the other, indicating that they
should belong to different subgenomes. Furthermore, the
Table 2: Polymorphic primers and corresponding BAC end sequences used in this study
BAC clones GenBank accession number of end sequences Primers Primer sequences
70L23 EF182757 Y2478 5'-ATCGGAGCTCCATTAACAAA-3'
5'-GCCACCACGTCTCTATTTTT-3'
38P15 EF182758 Y2482 5'-TGTTGGACCTTTCTCCAAAT-3'
5'-GCTAAAGCAGACGTATACGAAA-3'
84A20 EF182756 Y2446 5'-TGGCAGAAACCTAATTCTAGC-3'
5'-AAAAATCTGCAGTTGCCTTC-3'BMC Genomics 2007, 8:178 http://www.biomedcentral.com/1471-2164/8/178
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The linkage mapping of monomorphic locus-derived markers Figure 2
The linkage mapping of monomorphic locus-derived markers. The monomorphic BAC-derived markers Y2446, 
Y2482 and Y2478 were indicated in bold italics, and linked with the corresponding polymorphic loci which were underlined. 
Other duplicated loci were also connected by solid bar between the homoeologous chromosomes.
NAU1605b 0.0
NAU1137 6.5
NAU3450 7.9
NAU3245 11.5
NAU3607 17.1
NAU4034 18.7
NAU3405b 19.5
NAU2865 21.3
NAU3826b 22.6
NAU3828 24.1
NAU3737 24.4
BNL3452a 29.2
NAU2000 30.5
NAU5392 32.1
NAU3269 37.3
NAU3094 47.8
NAU2494 50.6
NAU1223 59.9
NAU1372b 61.6
NAU922a 64.7
NAU1109
NAU2630 65.9
NAU3212 66.0
NAU3935b 66.5
NAU5015 66.6
NAU1042a 73.4
NAU797a 75.7
NAU828a 76.3
NAU779 79.7
NAU5273a 86.1
NAU5160 87.9
L713 89.0
NAU2736 89.6
NAU3325 90.3
NAU2029 91.5
NAU5347b 96.3
CIR062b 98.2
NAU861 100.2
NAU3014 100.7
BNL3992 108.2
NAU5417 109.0
NAU1339
NAU5088
NAU3001
NAU3620
109.1
NAU3902 109.7
JESPR197 110.4
BNL2448 112.0
BNL2656 117.2
NAU4106 120.6
NAU4107 121.2
NAU4111 122.2
BNL542 124.8
EM2GA34b 126.5
NAU792 127.9
NAU3529 129.6
NAU2140
NAU3096b 133.0
EM1GA11 133.5
NAU2274b 133.7
NAU2252 134.5
NAU3204 135.9
NAU2014 138.7
NAU3498b 140.2
JESPR171 141.2
me2em3a 142.6
NAU1406 143.8
me3em6 144.6
em6PM8d 146.1
NAU2001 146.5
Y1808 147.5
NAU2296 148.1
NAU4040 148.5
NAU3138a 149.1
NAU3569 149.5
CIR294 149.9
NAU1003 151.2
NAU3824a 151.6
NAU2376a 152.7
em6GA45b 153.0
NAU4898 153.4
BNL3995 154.1
NAU5149 154.6
NAU1127 155.0
NAU667b 156.0
ME8OD10 156.8
NAU2562 158.1
NAU2561 161.2
NAU3402 164.6
NAU5400 166.5
NAU3382 167.8
JESPR65b 169.2
BNL4030a 171.3
NAU569a 172.4
P1 176.0
CIR253 177.6
NAU3273 180.7
NAU4057 191.0
NAU2121 192.1
NAU934 199.4
NAU3036 207.3
MUSS219 213.9
NAU3656 0.0
NAU3609 4.3
NAU3631 5.2
NAU617 5.8
NAU1605a 6.7
NAU4092 7.3
NAU3092 10.0
NAU5475 10.8
NAU2638 12.0
NAU3405a 12.2
NAU3826a 13.9
NAU2560 18.0
NAU3012 19.5
NAU2233 20.3
BNL3452b 23.7
NAU2894 27.0
NAU4884 28.2
NAU2942 29.3
NAU2816 31.0
NAU2604 33.2
NAU2655 36.6
NAU2811 38.0
NAU3372 41.1
Y2446 42.0
NAU567 43.6
BNL1690 48.8
NAU664 50.9
NAU571 51.9
BNL1611 54.1
NAU1042b 56.2
NAU3237 57.8
BNL285 58.9
NAU2708 61.1
NAU3935a 63.1
TMC05 65.1
BNL852 65.4
CIR024 65.7
BNL3029 66.3
NAU2380 66.9
NAU5255 67.2
NAU3217 67.7
NAU5447 67.9
NAU3650 68.0
Y1446 68.6
NAU828b
NAU797b 69.4
NAU1221b 69.9
NAU1042c 70.5
NAU5330 73.3
NAU3497 73.6
NAU2126 74.0
NAU2944 74.8
NAU495 76.1
NAU3139 76.8
NAU3138b 77.3
BNL3903 78.1
NAU420 78.6
NAU3416b 79.1
NAU5486 80.0
BNL3811 80.8
NAU2959 87.9
NAU3664 89.4
NAU5005 91.5
NAU5299 91.8
NAU2932 92.3
CIR062a 92.6
NAU5347a 93.2
AnnGh1
Annex26 94.9
NAU3252 95.8
NAU3253 96.0
Y1688 96.4
NAU2741b 96.9
NAU2874 100.6
NAU911 102.1
NAU3698 103.5
NAU2629 104.2
BNL1878 104.5
TME20a 105.1
BNL390 105.8
NAU628 106.8
NAU5489 110.7
NAU4042 113.9
NAU4055 114.7
NAU2918 116.0
NAU3096a 117.5
NAU2274a 118.2
JESPR204a 118.8
NAU986 121.6
NAU4896 121.8
NAU812 122.1
NAU3498a 123.6
CIR179 128.3
CIR413a 128.8
NAU2513 128.9
NAU2650a 129.1
NAU5121 129.3
NAU3652 129.4
Y2273 130.2
DC1OD8b 131.2
NAU3761 132.2
NAU2636 132.9
Exp1a 133.5
BNL1671 137.1
BNL3535 141.6
JESPR218 144.0
JESPR236 145.3
BNL3347 146.4
NAU3110 148.1
NAU3268 148.7
NAU3344 151.5
NAU3183 153.7
NAU2232 164.6
NAU2801 166.4
NAU2231 166.7
NAU3946 169.0
NAU3649b 173.0
NAU2503 176.4
NAU4907 177.3
NAU524 179.6
NAU3095 181.8
Chr.A5 Chr.D5
em6PM8c 0.0
OD3GA38d 5.3
me1em3 8.5
NAU2202 9.8
NAU526 12.1
NAU1274b 14.5
BNL3261 15.1
BNL3816a 17.4
DC1OD8c 17.8
OD3OD22e 21.0
DC1SA14e 22.5
NAU3401 23.4
me5em5 24.2
NAU1237 24.4
NAU3441 24.6
NAU3812 24.7
BNL3836 24.9
ME8SA14 25.4
TME12 25.8
JESPR270 26.5
BNL3599 27.8
NAU3666 28.8
NAU2176 31.1
NAU2096 31.9
NAU1278 32.0
NAU3921 33.8
NAU3897 35.7
BNL1707b 40.0
NAU3862b 40.1
NAU736 40.6
EM1OD32b 42.8
BNL1673 44.3
NAU5419 46.5
Y1032 47.3
NAU4020 47.7
NAU943a 48.1
g057f02a 48.9
NAU3561 53.1
Y2401 54.3
NAU2715a 56.6
BNL1679 57.7
NAU3294 58.8
NAU4047 58.9
NAU3662 60.2
NAU1151a 61.9
NAU2170b 64.0
NAU3426 65.8
NAU5492 66.0
Y2482 67.7
NAU3109 69.5
NAU5047 72.4
NAU3713 73.6
CIR081 75.5
NAU5204 78.7
NAU3160 79.7
NAU5079 79.9
NAU2640a
NAU2672 80.1
NAU2671
NAU2868b 80.4
BNL598 81.9
CIR302 82.7
NAU2251b 84.2
NAU3860b 85.0
NAU445 86.3
NAU4905 90.1
CIR362 93.0
NAU3778 95.9
NAU5306 102.2
NAU2030 102.8
NAU1301 104.2
BNL4059 107.7
NAU3519 109.9
JESPR300b 112.2
NAU3862c 0.0
NAU3271 5.2
NAU4081a 10.3
NAU4925 18.7
NAU3862a 25.4
ME8GA5b 27.7
NAU4090 31.2
NAU4089 31.5
NAU1274a 32.6
NAU3865a 34.4
me5OD12b 36.6
NAU1119 38.9
NAU1039 39.2
NAU877 39.4
JESPR92 41.4
me2em2a 42.2
BNL3816c 43.4
NAU915b 44.8
NAU3163 46.5
NAU2857 46.7
NAU3006 48.0
NAU3920 48.8
NAU3005 49.2
NAU3881 49.6
NAU3442
NAU3189a
NAU3647
49.9
NAU5425 50.3
NAU2195 50.4
MUSS303 50.5
L712 50.8
NAU2356 51.0
NAU4097 51.3
BNL840 51.8
CIR391 52.2
CIR143 52.9
BNL3510 53.8
NAU460 55.0
BNL1669 56.0
NAU5043 57.2
NAU3961 58.0
BNL1227a 59.7
DC1SA21b 63.4
NAU2912 64.6
NAU3236 65.5
MUSS439 66.2
NAU2372 66.7
NAU1463 67.2
NAU4912 67.3
NAU2913 67.9
NAU2615 68.3
NAU2750 68.7
BNL341 69.4
NAU3293 70.3
me4GA12a 70.8
CIR085 71.5
BNL3482 72.5
BNL2495 73.8
NAU2715b 75.1
NAU2696 76.8
NAU5321 77.4
NAU2170a 78.1
NAU1231 79.2
NAU1558 79.3
NAU3851 80.4
NAU629 81.3
NAU3291 82.2
NAU616 83.7
NAU5462 85.6
NAU4914 86.2
NAU3905 86.5
NAU3876 86.8
CIR078 90.1
BNL3537 91.4
Y2478 92.7
NAU2868a 95.1
NAU3720 96.3
NAU5397 100.4
NAU2251a 101.1
NAU3795 101.6
NAU3860a 102.4
NAU3305 102.5
NAU3774 102.7
BNL3994 109.9
NAU3032 116.7
NAU3896 122.6
JESPR300a 123.8
NAU3465 126.2
NAU3084 131.4
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several kb of DNA sequence in FISH detectable signals
suggests that the homologous segments likely originate
from the homoeologous chromosomes. Therefore, the
possibility is raised that in any particular case, the FISH
signal derived from a BAC in a different subgenome may
reinforce the homoeologous relationships in tetraploid
cotton rather than random repetitive-sequence or recipro-
cal or non-reciprocal translocations.
In comparison with the homeology between the two
BACs derived from marker NAU837, which may be just
several hundreds of base pairs due to SSR amplification,
the duplicated segments originating from BAC 09D09
may be more than 100 kb. Furthermore, the equal
strength of the two pairs of FISH signals is indicative of a
high level of homology between the segments in the A
and D subgenomes. If this degree of homology is the
norm, shotgun sequencing is not feasible for tetraploid
cotton because the assemblage of such large scale homol-
ogy would be impossible. With the rapid development of
the cotton genetic map and BAC library construction,
genome sequencing based on the physical map may prove
to be preferred choice for cotton.
Nevertheless, the case of BAC 09D09 is an excellent exam-
ple of homoeologous analysis because the length of the
duplicated segment must be as long as several scores of
kilobase pairs due to the bright FISH signals detected. It
will, no doubt, provide more information for evolution-
ary analysis of duplications at the chromosomal or
genomic levels. The distribution of BAC 09D09 in the A-
genome and not the D-genome of diploid cotton indi-
cated that it originated in the A-genome ancestor and
spread to the D-subgenome after polyploidy. This phe-
nomenon was previously described by Hanson et al.
(1998) [12] and Zhao et al. (1998) [10] from the analysis
of distributions of dispersed repetitive DNA in cotton.
And since polyploidization there has been substantial col-
onization of the D genome by A genome repetitive ele-
ments [2]. Our results reinforce the model that A-genomic
DNA "infected" the D-subgenome, with homoeology
occurring subsequent to polyploidization. However, these
findings also point out that large DNA segments do
spread to new subgenomes and are maintained during
long period of evolution in allotetraploid cotton. It is a
very different pattern in DNA content and component
from the repetitive DNA theory, so the most probable
mechanism may be inter-genomic recombination and
exchange between subgenomes in the nonfunctional seg-
ments. Because the segments are so large, it is impossible
for them to behave as a functional gene or transposon to
"jump" between different subgenomes. The concept that
pairing and recombination between homoeologous chro-
mosomes does not appear to have substantially affected
the organization of the modern cotton genome, as deter-
mined by analysis of molecular markers repetitive DNA
[12,31], would be novel and contrary to current belief.
This novel concept might also provide new opportunities
to understand the tetraploid cotton genome and its evolu-
tionary process.
Finally, BAC-FISH mapping presents a powerful tool for
evolution research in tetraploid cotton. Previous studies
FISH photomicrographs of G. hirsutum duplicated segments  hybridized to metaphase chromosomes of G. arboreum and G.  raimondii Figure 4
FISH photomicrographs of G. hirsutum duplicated 
segments hybridized to metaphase chromosomes of 
G. arboreum and G. raimondii. BAC clone 09D09 pro-
duced one pair of signals (arrows) on one pair of mitotic 
chromosomes of G. arboreum (A), but no signals on the chro-
mosomes of G. raimondii (B).
B A
Distribution analysis of homologous segments in tetraploid  cotton by FISH Figure 3
Distribution analysis of homologous segments in 
tetraploid cotton by FISH. (A) BAC clone 09D09 pro-
duced two pairs of bright signals (arrows) in tetraploid cot-
ton mitotic cell. (B) repeated-FISH showed the locations of 
two chromosome-specific probes 87P01 (red signal, arrows) 
of chromosome A5 and 50D03 (green signal, arrowheads) of 
chromosome D5. The results showed that the signals pro-
duced by clone 09D09 were located on the homoeologous 
chromosomes A5 and D5.
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have shown that a correlation exists between chromo-
somal position and levels of genetic diversity at a locus
[32]. However, researchers can not analyze the diversity
level of genes or sequences by combining the genetic and
physical data because it is not possible to physically map
short duplicated genes or sequences, and only the genetic
position allows them to reference and speculate in their
analysis [18]. We are currently able to correlate these
genetic mapping data with physical chromosomal loca-
tions constructed by BAC-FISH. Therefore, analysis of the
relationship between genetic diversity and chromosomal
position will become available for tetraploid cotton.
Conclusion
In conclusion, BAC-FISH as a new approach for the dupli-
cated segments analysis and physical mapping of mono-
morphic locus in cotton were presented. Two types of
BACs containing duplicated segments were found and
physically mapped. The results showed that they were
derived from the homoeologous chromosomes. Accord-
ing to the degree of duplicated segment containing in
BACs, they were named homologous and homoeologous
BACs. Analysis of these BACs presents us some new
approach for the researches of cotton genome and
genome evolution. Especially, the large duplicated seg-
ments (homologous BACs) were identified by FISH, and
it demonstrated the powerful potential for the research of
cotton genome evolution. In a word, these findings are
just an entrance and a challenge for the cotton genome
researches.
Methods
The BACs used in this study were found in two genomic
BAC libraries derived from the tetraploid cotton strain
TM-1 and 0-613-2R, a restorer line of cytoplasmic male
sterility [33]. The TM-1 library was kindly supplied by Dr.
John Yu, USDA-ARS, Crops Germplasm Research Unit,
College Station, Texas. TM-1 is a highly inbred line of G.
hirsutum L. (2n = 52). The A and D subgenome chromo-
somes were renamed A1 through A13 and D1 though
D13, respectively, based on new tetraploid cotton nomen-
clature for homoeologous chromosomes [20].
Only TM-1 mitotic metaphase chromosomes were used
for FISH. Root tip, slide preparation, and single-color
FISH have been described previously [20]. Dual-color
FISH was performed as in Ji et al. (1997) [34] with some
modifications. Purified BAC DNA was labelled with
biotin-16-dUTP or digoxigenin-11-dUTP by the BioNick
Labelling System (Roche Diagnostics, Mannheim, Ger-
many). Following post-hybridization washes, signals
from the digoxigenin-labelled probes were detected by
anti-digoxigenin-rhodamine, and directly from biotin-
labelled probes by avidin-fluorescein. DAPI (4', 6-diamid-
ino-2-phenylindole) (Sigma, St. Louis, MO) in an anti-
fade solution, Vectashield (Vector, Burlingame, CA) was
used to counterstain the chromosomes. Slides were exam-
ined under an Olympus BX51 fluorescence microscope.
Chromosome and FISH signal images were captured
using an Evolution VF CCD camera (Media Cybernetics,
Silver Spring, MD) and merged using Image-Pro Express
software.
BAC-end sequencing was performed by National Center
for Gene Research, CAS, China. And the online software
Primer3 was used to design the BAC-specific primers. Loci
were genetic mapped on the genetic map by combination
the recombination data among the BC1 population with
the new map data [35].
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